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The effect of the framework Al content and synthesis procedure on the number of frame-
work Al atoms located on the surface of (Al)MCM-41 channels and the distribution of the Al
atoms between single Al atoms and various Al-O-(SiO)1,2-Al species was investigated. The to-
tal number of accessible framework Al atoms on the channel surface was obtained from the
ion exchange capacity for Na+ ions and pyridine adsorption. The number of Al pairs on the
surface and their distribution between different local arrangements of the channel surface
was estimated using VIS spectroscopy of Co2+ ions. At low framework Al contents, Al atoms
occupy only accessible T sites on the surface of the channel walls. In aluminium-rich
(Al)MCM-41, a significant part of Al atoms is incorporated inside the channel walls and
these Al atoms do not form cationic sites. Al atoms on the wall surface preferentially form
Al-O-(SiO)1,2-Al sequences, enabling siting of divalent cations. Different synthesis procedures
resulted in differences in Al distribution. The channel surface of the (Al)MCM-41 is formed
by two regular local structures containing two types of deformed six-membered rings with
Al-O-(SiO)1,2-Al sequences forming cationic sites.
Keywords: Molecular sieves; (Al)MCM-41; Mesoporous materials; VIS spectroscopy; Local
ordering; Cationic sites; Heterogeneous catalysis.

Mesoporous molecular sieves have recently attracted a great attention due
to their potential for application in many areas of materials science1–3. Ad-
sorption and particularly heterogeneous catalysis are expected to be the
most promising fields for their application. Microporous molecular sieves
exhibit catalytically desirable properties such as high surface area, tunable
pore size, the possibility of tailoring the active sites and shape selectivity,
but their utilisation is limited due to the pore dimensions not exceeding
0.8 nm. The discovery of mesoporous molecular sieves of the M41S family4

opened extensive possibilities for preparation of new catalysts with uniform
pores in the mesoporous range5–7, easily accessible to bulky molecules and,
thus, without limitations imposed by microporous materials.
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The introduction of trivalent elements (e.g. Al, Fe) into the siliceous
mesoporous matrix enabled their application in acid and base catalysis8–10.
The structure and properties of catalytically active centres in silicon-rich
molecular sieves depend on the distribution of heteroatoms in the frame-
work. Acidity of bridging OH groups can be affected by the presence of sec-
ond Al atom in the zeolite ring and by the ring geometry11,12. Moreover, it
is assumed that certain elementary steps in the reaction pathways may be
favoured if two acid sites are close enough instead of being isolated13. Also
stabilisation of divalent metal cations or metal–oxygen clusters, [Me-O-Me]2+,
is controlled by Al distribution. The activity of catalytic centres formed by
extraframework divalent cations is affected by local co-ordination of these
species and, thus, by distribution of Al pairs at different sites14,15. Recently
it has been reported that a part of the framework Al atoms in (Al)MCM-41
is not located on its channel surface, but in the inner volume of the chan-
nel walls3. Therefore, in contrast to microporous zeolites, catalytic activity
of (Al)MCM-41 cannot be directly related to the concentration of all alu-
minium atoms estimated from chemical analysis.

There are no available data (experimental or theoretical) on the Al distri-
bution in mesoporous molecular sieves. 27Al MAS NMR cannot provide any
information on the location of Al atoms at the surface layer or inside the
channel walls. 29Si MAS NMR is able to distinguish only isolated Al atoms
or Al-O-Si-O-Al sequences, but not Al-O-(SiO)2-Al sequences, which repre-
sent a majority of close Al atoms in silicon-rich zeolites16,17. Moreover, in
contrast to zeolites, there are no available data on the detailed local struc-
ture of the surface of mesoporous molecular sieve channels and this surface
is usually regarded to be disordered/amorphous18. The surface is presented
in simple models being formed from regular six-membered rings19.

Recently, we have proposed Co2+ ions as a probe for the determination of
Al pair distribution in silicon-rich molecular sieves20–23. This method is
based on the determination of the ion exchange capacity of zeolite for the
divalent cation under controlled conditions and on the quantitative evalua-
tion of the spectra of “bare” Co2+ ions (without extraframework ligand) in
different extraframework cationic sites. Only bare Co2+ ions balanced by
two framework Al atoms in one ring are reflected in the d–d transitions (vis-
ible spectra) of dehydrated Co-containing zeolites. The number and distri-
bution of bare Co2+ ions, characterise Al-O-(SiO)1,2-Al sequences and their
distribution in the alumosilicate framework. Moreover, the d–d transitions
of bare Co2+ are a fingerprint of Co2+ ion co-ordination, i.e., providing in-
formation on the geometry of cationic site.
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In our recent paper3 we have shown that Al distribution in (Al)MCM-41
is not controlled by statistical rules, but there is a different probability for
location of Al atoms on the channel surface and inside the channel walls
and the number of Al atoms on the channel surface depends on the frame-
work Al content. This contribution is aimed at the understanding of the
framework Al distribution in (Al)MCM-41 and of the effect of chemical
composition and synthesis procedure on this distribution. In addition, an
attempt is made to elucidate short-range ordering and local arrangement
of the surface of the MCM-41 channel walls. The number of framework Al
atoms on the surface of (Al)MCM-41 channels was characterised by the
(Al)MCM-41 ion exchange capacity for Na+ ions and pyridine adsorption
followed by FTIR spectroscopy. The number of Al-O-(SiO)1,2-Al sequences
was determined from the exchange capacity for Co2+ ions. The distribution
of Al pairs between different geometrical arrangements (cationic sites) was
estimated using VIS spectroscopy of maximum exchanged dehydrated
Co-(Al)MCM-41 molecular sieves. VIS spectroscopy was further applied to
identify a local geometry arrangement of rings forming the surface of the
MCM-41.

EXPERIMENTAL

(Al)MCM-41 Synthesis and Characterisation

Two different procedures were used for the synthesis of (Al)MCM-41. (Al)MCM-41/A (Si/Al =
11–140) was synthesised from sodium silicate (Riedel de Haen), hexadecyltrimethyl-
ammonium bromide (Fluka), ethyl acetate (Fluka) and aluminium hydroxide (Fluka); for de-
tails, see refs13,24,25 (Al)MCM-41/B with Si/Al ratio from 13 to 112 was synthesised as
follows. Initially, 2 g of hexadecyltrimethylammonium bromide (Fluka) was mixed with
240 g of distilled water and 21 ml of water solution of ammonium hydroxide (25%; Fluka)
under stirring. Simultaneously, 20.1 g of tetraethyl orthosilicate (Fluka) was mixed with re-
spective amount of aluminium isopropoxide (Fluka) and was slowly added to the first solu-
tion under vigorous stirring. The resulting mixture was aged at ambient temperature for 2 h.
All samples were recovered by filtration, washed thoroughly with distilled water and dried at
350 K. To remove the structure-directing agent, the as-synthesised molecular sieves were cal-
cined at 820 K for 6 h (temperature ramp = 1 K min–1).

The structure of the synthesised, calcined and ion exchanged (Al)MCM-41 was checked
using an X-ray powder diffractometer Siemens D5005 in the Bragg–Brentano geometry ar-
rangement with CuKα radiation. XRD patterns evidenced a well-developed structure of
MCM-41 (for details, see ref.3).

Adsorption isotherms of nitrogen were recorded at 77 K with an Accusorb 2100E instru-
ment (Micromeritics). The samples were activated at 620 K and a pressure of 10–4 Pa for
about 20 h.

27Al MAS NMR spectra of (Al)MCM-41 samples were recorded by Dr P. Sarv (Estonia,
Tallin) using hydrated forms of these molecular sieves and measured on a Bruker AMX500
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spectrometer with a home-made probe heads with 3.5 mm o.d. rotors. The spinning speed
was between 12 and 15 kHz and the r.f. strength about 70 kHz.

Ion Exchange of (Al)MCM-41

Na+ and Co2+ ions were introduced into calcined (Al)MCM-41 via ion exchange at ambient
temperature using sodium chloride and cobalt(II) nitrate solutions, respectively. To obtain
maximum loading of Me-(Al)MCM-41 (Me = Na and Co), 1 g of (Al)MCM-41 was three times
treated with 100 ml of 0.05 M Co(NO3)2 or 0.5 M NaCl for 24 h. Then, samples were care-
fully washed by distilled water, filtered and air-dried at ambient temperature. Chemical
composition of calcined, Na- and Co-exchanged (Al)MCM-41, after their dissolution, ob-
tained by atomic absorption spectrometry, is given in Table I. The number of (Al)MCM-41
sample in the table corresponds to its Si/Al composition.

UV-VIS-NIR Diffuse Reflectance Spectroscopy

UV-VIS-NIR diffuse reflectance (DR) spectra were recorded using a Perkin–Elmer UV-VIS-NIR
spectrometer Lambda 19 equipped with a diffuse reflectance attachment with an integrating
sphere coated with BaSO4. The spectra were recorded in a differential mode with the corre-
sponding Na-sample as a reference20,21. The absorption intensity was calculated from the
Schuster–Kubelka–Munk equation F(R∞) = (1 – R∞)2/2R∞, where R∞ is the diffuse reflectance
of a semi-infinite layer and F(R∞) is proportional to the absorption coefficient.

Prior to the spectra monitoring, the Co-samples and parent Na-samples were dehydrated
at 750 K and 7 × 10–2 Pa for 3 h. Dehydration was carried out with a heating rate of 5 K min–1.
After dehydration, the sample was cooled down to ambient temperature and transferred
under vacuum into the optical cell and sealed.

FTIR Spectroscopy

The concentration of individual acid sites in (Al)MCM-41 was determined after adsorption
of pyridine followed by FTIR spectroscopy using a Nicolet FTIR Protégé 460 spectrometer
equipped with MCT detector and a cell with KBr windows connected to vacuum apparatus.
(Al)MCM-41 samples were pressed into self-supporting wafers with a density of 7–12 mg cm–1.
Pyridine was degassed by repeated freezing and thawing cycles before its use. Prior to the ad-
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TABLE I
Maximum Co, Na and Li loadings and pyridine adsorption in (Al)MCM-41 molecular sieves

Molecular sieve Si/Al Na/Al Co/Al Py/Al Molecular sieve Si/Al Na/Al Co/Al Py/Al

(Al)MCM-41/A11 11 0.56 0.17 0.34 (Al)MCM-41/B13 13 0.45 0.16 0.41

(Al)MCM-41/A15 15 0.65 0.23 – (Al)MCM-41/B28 28 0.5 0.22 0.53

(Al)MCM-41/A19 19 0.77 0.26 0.37 (Al)MCM-41/B46 46 0.78 0.27 0.56

(Al)MCM-41/A40 40 0.86 0.35 0.44 (Al)MCM-41/B60 60 1 0.45 –

(Al)MCM-41/A76 76 0.94 0.44 0.68 (Al)MCM-41/B112 112 1 0.45 0.82

(Al)MCM-41/A140 140 1.00 0.45 –



sorption of pyridine, (Al)MCM-41 samples were activated in situ by overnight evacuation at
720 K. Pyridine was admitted to interact with active sites of (Al)MCM-41 at 420 K and par-
tial pressure of 750 kPa for 30 min. The adsorption was followed by evacuation for 20 min.
All measured spectra were recorded at room temperature with a resolution of 2 cm–1 by col-
lecting 200 scans for a single spectrum and were recalculated to a normalised wafer density
of 10 mg cm–1. To determine the concentration of Lewis (εL) and Brønstedt (εB) acid sites,
the following extinction coefficients were used: εL = 1.67 and εB = 2.22 cm µmol–1 (ref.26).

RESULTS

Characterisation of (Al)MCM-41

All synthesised and calcined (Al)MCM-41 molecular sieves exhibited well-
ordered mesoporous structure possessing 4–5 well discernible diffraction
lines in low-angle region of 2θ (not given here). In the case of adsorption
isotherms of nitrogen, all samples exhibited a similar shape with a steep in-
crease at the relative pressure P/Po ≈ 0.3. This evidences the typical well-
ordered structure of MCM-41 with the surface areas of mesopores in the
range of 1000–1100 m2 g–1 and their volumes 0.820–0.855 cm3 g–5. The re-
spective diameter of mesopores was about 3.4–3.5 nm. Thickness of walls
was, according XRD and nitrogen adsorption, 1.2 nm for (Al)MCM-41/A
and 0.85 nm for (Al)MCM-41/B. For details, see ref.3

Ion Exchange Capacity of (Al)MCM-41

Maximum loading of both Na and Co in both series (Al)MCM-41/A and B
increases with the framework Al content (Table I). The maximum ion ex-
change capacity for both cations reaches almost 100% only at low frame-
work Al contents (Si/Al > 100). With increasing content of Al in the
framework the ion exchange capacity of both (Al)MCM-41/A and B for Na+

and Co2+ ions significantly decrease.

UV-VIS-NIR Spectroscopy of Co-(Al)MCM-41

In UV-VIS spectra of hydrated Co-(Al)MCM-41, only asymmetric absorption
band at 19 300 cm–1 was observed (not presented here). This band is charac-
teristic of octahedral co-ordination of Co2+ ions in the hexaaqua complex
balanced by two close framework Al atoms15,16. Continuous absorption
from the NIR to UV region, characteristic of the formation of oxidic Co spe-
cies, was not observed. Thus, only single Co2+ ions are present in investi-
gated dehydrated Co-(Al)MCM-41. This finding is supported by exclusive
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presence of the Co2+ hexaaqua complex in re-hydrated samples (not shown
in figures).

In the case of dehydrated Co-(Al)MCM-41, the absence of the bands at
5260 and 7120 cm–1 (δ+ν and 2ν combination vibration bands of water
molecule) in the NIR spectrum (not shown here) reflects dehydration of the
molecular sieve. In addition, Co–OH groups were not formed during dehy-
dration in Co-(Al)MCM-41. This evidences that only “bare” Co2+ ions, co-
ordinated to framework oxygens are present in dehydrated samples.

The VIS spectra of dehydrated Co-(Al)MCM-41/A and B with different
Si/Al ratios and maximum Co loading are shown in Fig. 1. The significant
changes in the spectra indicate the presence of several spectral compo-
nents. The second-derivative mode (not shown) and decomposition of the
spectra to the Gaussian curves, illustrated in Fig. 2, were used to analyse the
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FIG. 1
VIS spectra of dehydrated Co-(Al)MCM-41/A140 ( ), 76 (– – –) and 40 (· · · ·) (a);
Co-(Al)MCM-41/A19 ( ), 15 (– – –) and 11 (· · · ·) (b); Co-(Al)MCM-41/B112 ( ), 60
(– – –), 46 (· · · ·), 28 (· – · – ·) and 13 (· · – · ·) (c)
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spectra20,21,27. This enabled the assignment of absorption bands to two types
of Co2+ ions, which indicates two types of cationic sites accommodating
Co2+ (note that only “bare” Co2+ ions are present in dehydrated samples).
Co-1 ions are reflected in the VIS spectrum by a single band with maximum
at 14 600 cm–1. Four bands at 15 850, 17 450, 19 970 and 21 700 cm–1 represent
the Co-2 ions.

The decomposition of VIS spectra to Gaussian curves enabled estimation
of absorption coefficients k1 and k2 corresponding to Co-1 and Co-2 ions
and, thus, estimation of the concentration of these ions in molecular
sieves20,21. The resulting absorption coefficients are k1 = 1.8 × 10–3 and k2 =
3.7 × 10–4 cm mmol g–1. Co-1 ions prevail in (Al)MCM-41 with low-
aluminium framework. Co-1 ions make about 65–80% of Co ions in
Co-(Al)MCM-41 (Si/Al ≥ 100). Their relative population continuously de-
creases with increasing framework Al content to only 20–30% of Co ions in
Co-(Al)MCM-41 at Si/Al ≤ 13.

FTIR Spectroscopy of (Al)MCM-41

FTIR spectra in the region of OH vibration of unloaded calcined
(Al)MCM-41 consist only of a band at 3745 cm–1 corresponding to the ter-
minal silanol groups. An additional band at 3660 cm–1 attributable to hy-
droxy groups on octahedrally co-ordinated Al atoms28 was not observed.
This confirms that no extraframework aluminium species are present in
samples under study. No absorption band in the region 3600–3610 cm–1
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FIG. 2
Decomposition of the VIS spectrum of Co-(Al)MCM-41/A40 ( ) into Gaussian curves cor-
responding to Co-1 (– – –) and Co-2 (· · · ·)
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was observed, which means that no bridging acidic OH groups are present
in the molecular sieves (Figs 3a and 4a). This is in contrast to data of Corma
et al.29, who found an absorption band at 3604 cm–1 after template removal
in vacuum.

Pyridine adsorption was investigated in both series of (Al)MCM-41 to
provide a quantitative analysis of the concentration of Brønsted and Lewis
sites. Pyridine adsorption resulted in both series of (Al)MCM-41/A and B in
the formation of a new band at about 1455 cm–1, which corresponds to its
coordinative interaction with electron acceptor sites (Lewis acid). The in-
tensity of this band decreased with decreasing concentration of aluminium
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FIG. 4
Pyridine adsorption followed by IR spectroscopy in a series of (Al)MCM-41/B
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FIG. 3
Pyridine adsorption followed by IR spectroscopy in a series of (Al)MCM-41/A
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in the samples (Figs 3b and 4b). In the case of samples (Al)MCM-41/A40
and A76, an additional band at 1445 cm–1 was observed in the spectrum
(Fig. 3b), which could indicate the presence of two types of Lewis acid sites
of different acidity28. Only negligible bands at 1545 cm–1 corresponding to
pyridinium ion (PyH+) were found in samples24,30. This evidences that prac-
tically no acidic OH groups are present in the samples. The maximum con-
centration of accessible aluminium atoms for (Al)MCM-41/A11 and
(Al)MCM-41/B13 was found to be 0.43 and 0.48 mmol g–1, respectively,
which gives the maximum “surface” concentration of aluminium in the
samples. The ratio of pyridine adsorbed related to “bulk” concentration of
aluminium is given in Table I. This value increases with decreasing concen-
tration of aluminium in (Al)MCM-41 and although the differences in the
absolute amount of accessible Al atoms to pyridine and Na+ were observed,
both methods provided the same trend (Table I).

A characteristic 27Al MAS NMR spectrum of sample (Al)MCM-41/A19 is
depicted in Fig. 5. This spectrum evidences that in high-aluminium
(Al)MCM-41 samples, the tetrahedrally co-ordinated aluminium dominates,
its concentration being higher than 90%.

DISCUSSION

Location of Al Atoms on the Channel Surface and Inside the Channel Walls

Na+ ions after ion exchange in aluminosilicate molecular sieves compensate
the negative charge of the aluminosilicate framework and are located in the
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FIG. 5
Typical 27Al MAS NMR spectrum of (Al)MCM-41/Al5
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vicinity of Al atoms. In the case of (Al)MCM-41 with the walls formed from
more than two layers of AlO4 or SiO4 tetrahedra, the Na+ ions can be ex-
changed only in the vicinity of AlO4 tetrahedra forming the surface layer of
the channel walls. Thus, the maximum exchange capacity of molecular
sieve for Na+ ions reflects the number of framework Al atoms in the surface
layer of the MCM-41 channel wall.

The significant decrease in the maximum of Na ion exchange capacity
with increasing framework aluminium content (Table I) indicates that Al
atoms are located not only in the surface layer of the (Al)MCM-41 chan-
nels, but also inside the channel walls. At low framework Al content, the
surface Al atoms make 95–100% of Al atoms present in the (Al)MCM-41
while with increasing Al content only 45–55% of Al atoms are on the chan-
nel surface (Table I).

The results of Na+ ion exchange and pyridine adsorption indicate that a
significant part of Al atoms is incorporated inside the channel walls in
(Al)MCM-41 with Si/Al lower than 20 (according to the chemical analysis).
This causes a dramatic difference between the number and the density of
surface Al atoms and thus, in the number of exchangeable sites according
to bulk analysis of the sample and real values.

Number of Surface Al Atoms

The number of surface Al atoms can be characterised by the parameter Si/AlSURF,
defined as:

Si/AlSURF = [Si]/[AlSURF] , (1)

where [Si] is molar Si concentration according to bulk analysis, [AlSURF] mo-
lar concentration of surface Al atoms (reflected as exchanged Na+ ions).
Si/AlSURF is easy to estimate using relation (2)

Si/AlSURF = (Si/Al)/(NaMAX/Al) , (2)

where NaMAX/Al and Si/Al are the values obtained from bulk analysis of
maximum Na-exchanged (Al)MCM-41. This number characterises the maxi-
mum concentration of accessible aluminium sites on the surface of walls in
(Al)MCM-41. The effect of the framework Al content and synthetic pro-
cedure on the number of surface Al atoms in (Al)MCM-41 is depicted in
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Fig. 6. For Si/Al ≥ 45, there is almost no difference between Si/Al and Si/AlSURF
values for both syntheses procedures of (Al)MCM-41/A and B. At high Al
concentrations in the framework, only a part of Al atoms is incorporated
into the surface of channel walls and Si/AlSURF is significantly higher (ca
twice for Si/Al ≤ 13) than bulk Si/Al. The minimum obtained Si/AlSURF for
(Al)MCM-41/B is lower than that of (Al)MCM-41/A. In general, the synthe-
sis of (Al)MCM-41 with high framework Al content (Si/Al < 20) does not re-
sult in the preparation of molecular sieves with an adequately high number
of surface Al atoms.

The discrepancy between chemical composition (Si/Al) and the number
of surface Al atoms could explain the fact that no straightforward relation-
ship between the conversion and chemical composition of (Al)MCM-41
was found, e.g., for Knoevenagel condensation of benzaldehyde with
malononitrile over Cs-exchanged (Al)MCM-41 31, or for toluene alkylation
with propylene over (Al)MCM-41 22.
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FIG. 6
Effect of chemical composition and synthetic procedure on the number of Al atoms on the
surface of (Al)MCM-41 walls (Si/AlSURF) (a): (Al)MCM-41/A (�), (Al)MCM-41/B (�) and density
of Al atoms on the surface of (Al)MCM-41 walls ((Si/Al)SURF) (b): (Al)MCM-41/A (�),
(Al)MCM-41/B (�)
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Density of Surface Al Atoms

In the case of zeolites, the density of Al atoms is given, similarly to the
number of active sites, by the bulk analysis (Si/Al). For (Al)MCM-41,
significant deviation between bulk Si/Al composition and Al density was de-
scribed. (Si/Al)SURF (the surface Al density) depends on the location of both
Al and Si atoms in the surface layer of channel walls. Thus, the number of
layers forming the walls has to be taken into account. Because the dimen-
sions of AlO4 and SiO4 tetrahedra are similar, the number of layers forming
(Al)MCM-41 wall is given by the wall thickness. The arrangement of SiO4
tetrahedra forming MCM-41 walls is not known, but the number of layers
in the MCM-41 (N) can be roughly estimated according to the Eq. (3):

N = (T – 2DO)/DT , (3)

where N is an integer number, T is wall thickness estimated from X-ray dif-
fraction and nitrogen adsorption isotherms, DO is the distance between
surface oxygen layers and corresponding layer of Si atoms (ca 0–0.04 nm), DT
corresponds to the distance between two layers of Si atoms (ca 0.30–0.32 nm).
Values of DO and DT were taken from models of FER, MFI and BEA
zeolites32. The number of surface Si atoms (SiSURF) is given by Eq. (4):

SiSURF = Si(2/N) (4)

and the surface Al density, (Si/Al)SURF, is given by Eq. (5):

(Si/Al)SURF = SiSURF/AlSURF = (Si(2/N))/(NaMAX/Al) . (5)

The effect of framework Al content (expressed as Si/Al) and of the syn-
thetic procedure on the surface Al density of (Al)MCM-41/A (wall thickness
ca 1.2 nm, i.e. formed by 4 layers) and (Al)MCM-41/B (wall thickness ca
0.85 nm, i.e. formed by 3 layers) is also depicted in Fig. 6b. The surface Al
density in (Al)MCM-41 is significantly higher (ca twice for Si/Al ≥ 100) than
it should be on the basis of bulk analysis. With increasing Al content, this
deviation decreases and for Si/Al ≤ 15 reaches values close to those based on
bulk analysis.
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The effect of the surface Al density, (Si/Al)SURF, on the probability of the
incorporation of Al atoms in the channel surface is shown in Fig. 7. The
probability of incorporation corresponds to the ratio of the number of sur-
face Al atoms (AlSURF) to that of all Al atoms in (Al)MCM-41 framework.
There is a significant preference to the incorporation of Al atoms in the sur-
face layer of MCM-41 walls at low framework Al contents. The probability
of the location of aluminium atoms in the surface layer (accessible sites) as-
suming to the random Al distribution is equal to 0.5 for (Al)MCM-41/A
(4 layers in the wall) and 0.66 for (Al)MCM-41/B (3 layers). This preference
sharply falls down at low (Si/Al)SURF indicating a limiting value for the den-
sity of Al atoms on the (Al)MCM-41 channel surface.

Distribution of Al Pairs and Single Al Atoms in the Channel Walls

Exclusive formation of “bare” Co2+ ions was observed after dehydration,
thus the Co2+ ion exchange capacity is a measure of the number of
(Al-O-(SiO)1,2-Al) sequences in the surface layer of the (Al)MCM-41 channel
walls. Because the possible presence of three Al atoms in the local structure
formed by two rings in (Al)MCM-41 cannot be excluded (in contrast to
silicon-rich zeolites), the number of (Al-O-(SiO)1,2-Al) sequences present on
the (Al)MCM-41 channel surface could be even higher than it follows from
the ion exchange capacity. Similar ion exchange capacity of (Al)MCM-41
both for Co2+ and Na+ ions indicates that most of Al atoms on the
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FIG. 7
Effect of chemical composition and synthesis procedure on the probability of the incorpora-
tion of Al atoms into surface layer (AlSURF/Al) of the walls of (Al)MCM-41/A (�) and
(Al)MCM-41/B (�)
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(Al)MCM-41 channel surface (60–90%) correspond to close Al atoms form-
ing Al-O-(SiO)1,2-Al sequences.

The effect of the framework Al content in (Al)MCM-41/A and B on the
relative concentration of Al-O-(SiO)1,2-Al sequences is shown in Fig. 8. The
Al-O-(SiO)1,2-Al sequences prevail in the whole range of Al contents of
(Al)MCM-41 independently of the synthetic procedure. At low framework
aluminium contents, Al-O-(SiO)1,2-Al sequences contain 95% of Al atoms.
With increasing Al content, the number of Al-O-(SiO)1,2-Al sequences de-
creases and for Si/Al = 13, Al-O-(SiO)1,2-Al sequences contain 60% of Al at-
oms. There are no substantial differences between the above described
dependence of Al distribution on Si/Al and its dependence on Si/AlSURF or
(Si/Al)SURF. The predominant formation of Al-O-(SiO)1,2-Al sequences at low
framework Al contents is in contradiction with the prediction based on the
random distribution of Al atoms in aluminosilicate molecular sieves. It in-
dicates that the Al distribution in (Al)MCM-41 is not controlled by statistic
rules, which is in agreement with Al distribution in ZSM-5 18,19. However, in
contrast to ZSM-5, a particular effect of synthesis procedure on the forma-
tion of Al-O-(SiO)1,2-Al sequences was not observed. The total number both
of single Al atoms and Al-O-(SiO)1,2-Al sequences in (Al)MCM-41 increases
with increasing Al content in the framework, but at lowest values of Si/Al
ratio, the number of single Al atoms increases significantly faster than the
number of Al-O-(SiO)1,2-Al sequences.
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FIG. 8
Effect of chemical composition and synthetic procedure on the relative concentration of Al at-
oms in surface Al-O-(SiO)1,2-Al sequences in (Al)MCM-41/A (�) and (Al)MCM-41/B (�)

0 30 60 90 120 150
Si/Al

100

80

60

A
l,

re
l.

%



Distribution of Al-O-(SiO)1,2-Al Sequences on the Channel Surface

As follows from the spectra of Co-(Al)MCM-41 with different Co loadings
and the decomposition of the spectra into the Gaussian curves (see Figs 1
and 2) as well as from the exclusive presence of “bare” Co2+ ions, the
Al-O-(SiO)1,2-Al sequences are present on the (Al)MCM-41 channel surface
in two different local geometries, reflected in the formation of Co2+ ions of
the type Co-1 and Co-2. Concentration of the Co-1 and Co-2 ions, esti-
mated using Eq. (1) and absorption coefficients k1 and k2 (see Results) in
maximum Co-loaded Co-(Al)MCM-41 is a measure of the concentration of
Al-O-(SiO)1,2-Al sequences (one sequence corresponds to one Co2+ ion) at
individual cationic sites. The effect of the framework Al content on the
concentration of Al atoms in cationic sites accommodating Co-1 and Co-2
ions in maximum-loaded Co-(Al)MCM-41 is depicted in Fig. 9. The
Al-O-(SiO)1,2-Al sequences forming the cationic site for Co-1 ions are
formed preferentially at the lowest Al content in (Al)MCM 41 and the num-
ber of possible framework arrangements accommodating these pairs is lim-
ited. With increasing incorporation of Al atoms into the framework,
Al-O-(SiO)1,2-Al sequences accommodating Co-2 ions are preferentially
formed. The preferential formation of one type of Al-O-(SiO)1,2-Al se-
quences was reported also for ZSM-5, depending on the synthetic proce-
dure18,19. The concentration of Al-O-(SiO)1,2-Al sequences of type Co-2 is
about twice higher for (Al)MCM-41/A compared to (Al)MCM-41/B.
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FIG. 9
Effect of chemical composition and synthetic procedure on the concentration of Al atoms in
Al-O-(SiO)1,2-Al sequences at Co-1 site, (Al)MCM-41/A (�), (Al)MCM-41/B (�) and at Co-2 site
(Al)MCM-41/A (�), (Al)MCM-41/B (�)
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Uniformity of Cationic Sites

The co-ordination of the Co2+ ion to the cationic site is followed by defor-
mation of the site geometry. However, despite this rearrangement of the ge-
ometry of cationic sites, the spectra of Co2+ ions reflect small differences in
the geometry of similar sites in different zeolites. Thus, even small differ-
ences in the local arrangement of cationic sites and/or their environment
are reflected in the spectrum of bare Co2+ ions. Also different Al distribu-
tion in the cationic site (Al-O-Si-O-Al and Al-O-(SiO)2-Al sequences of dif-
ferent framework T sites occupied by Al atoms in zeolites) is followed by
substantial differences in the local geometry of co-ordination of divalent
cation in the same local geometry of the framework, as follows from com-
puting studies33–36. Only bands corresponding to Co-1 and Co-2 ions were
observed in(Al)MCM-41 of a wide range of Si/Al/Co chemical composition
and the band widths are similar to those reported for Co-zeolites (Table II).
This indicates that Co-1 and Co-2 cationic sites are two uniform types of lo-
cal framework arrangement (in the sense of uniformity of individual types
of cationic sites in zeolite) with uniform Al distribution.

Geometry of Cationic Sites

The d–d transitions of the Co2+ ions reflected in the VIS spectrum are sensi-
tive to the local environment of the ion. Thus, VIS spectra of bare Co2+ ions
can been used as fingerprints of the geometry of the cationic sites in molec-
ular sieves (for details, see refs20,21). As follows from Table II, the VIS spectra
of Co-1 and Co-2 ions are similar to those of Co2+ ions in MOR, FER and
MFI zeolites20,21,37. The spectrum of Co-1 ions is similar to that of Co2+ ions
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TABLE II
Spectra of bare Co(II) ions in Co-(Al)MCM-41 (Co-1,2) and in pentasil-ring zeolites (Co-α,β,γ)

Matrix

Co(II) bands, cm–1 Band width, cm–1

Co-1/α Co-2/β γ Co-1/α Co-2/β γ

MCM-41 14 500 15 500 17 300 19 700 21 500 1200 2200

MOR 14 800 15 900 17 500 19 200 21 100 20 150 22 050 1200 2100 1300

FER 15 000 16 000 17 100 18 700 20 600 20 300 22 000 1100 1900 1200

ZSM-5 15 100 16 000 17 150 18 600 21 200 20 100 22 000 1800 2100 1400



of the α-type. These Co2+ ions are co-ordinated on the top of the pyramid
of four framework oxygens of the elongated six-membered ring formed by
two connected five-membered rings in pentasil-ring zeolites. Local arrange-
ment of this cationic site in pentasil-ring zeolites is schematically depicted
in Fig. 10a.

The spectrum of Co-2 ions is similar to the spectra of Co2+ ions of the
β-type. These Co2+ ions exhibit approximately planar co-ordination in the
plane of the deformed ring of six framework oxygen atoms. Local arrange-
ments of these cationic sites in pentasil-ring zeolites are schematically
depicted in Fig. 10b–10d. Note that six oxygen atoms of twisted eight-
membered ring of mordenite are located approximately in plane, two re-
maining oxygen atoms of this ring are far from the ring centre and their
effect on the Co2+ ligand field can be neglected.

Spectra similar to those of Co-1 and Co-2 ions were never observed with
other than the above listed pentasil ring structures (cf. refs38–43). Location of
the Co2+ ion in the single regular six-membered ring of the A zeolite struc-
ture is characterised by a significant doublet around 25 000 cm–1 (ref.36).
Co2+ ions located in the regular six-membered ring of the faujasite hexago-
nal prism are characterised by two bands between 13 500 and 16 000 cm–1

(trigonal Co2+ co-ordination) or by a triplet with maxima position between
15 000 and 19 550 cm–1 (pseudo-tetrahedral co-ordination). Co2+ ions lo-
cated inside the faujasite hexagonal prism exhibit absorption bands be-
tween 17 850 and 20 000 cm–1 (pseudo-octahedral co-ordination)39–41.
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FIG. 10
Local arrangement of Co-α site in ferrierite (a) and Co-β site in mordenite (b), ferrierite (c),
ZSM-5 (d); Al and Si atoms (�), oxygen atoms (�)
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Thus, the Co-1 type of cationic site can be suggested to represent elon-
gated six-membered ring composed of two five-membered rings. The Co-2
type of cationic site represents a deformed six-membered ring of framework
oxygens. Because the presence of a significant number of twisted eight-
member rings on the surface of (Al)MCM-41 channels is of low probability,
two types of deformed six-membered rings (single planar and composed of
two five-membered rings) containing two framework Al atoms and accom-
modating bare divalent cations can be proposed to be located on the
(Al)MCM-41 inner surface.

Uniformity/Ordering of the Surface of the MCM-41 Channels

It can be hardly assumed that the uniformity of the cationic site from the
point of view of its geometry, deformation properties and its environment
should be achieved for the site rings with different environment (neigh-
bouring rings) in the flexible framework of molecular sieve. Thus, the uni-
formity of larger area (greater number of the surface silicon/aluminium
framework atoms) is necessary to guarantee the uniformity of the local
arrangement of Co2+ cationic sites. The nearest neighbours of the atoms
forming deformed six-membered rings (minimum size of ring accommodat-
ing cation in pentasil ring zeolites) at least and their next-nearest neigh-
bours (with high probability) should be arranged uniformly. This indicates
that two types of uniform domains are present on the surface of the
(Al)MCM-41 channels. Deformed planar or bent six-membered rings are lo-
cated in their centres. These surface domains are composed of more than
18 surface silicon/aluminium atoms in the case of central ring surrounded
by five-membered rings and from more than 24 surface silicon/aluminium
atoms in the case of central ring surrounded by six-membered rings.

The number of surface silicon/aluminium atoms belonging to the regular
domains can be also estimated. The highest Co loading was achieved with
Co-(Al)MCM-41/A possessing Si/Al = 15. For this sample, the surface Al den-
sity ((Si/Al)SURF) was 11 and the corresponding Co/AlSURF ratio reached 0.35.
From this density of the bare Co ions on the (Al)MCM-41 channel surface it
follows that 31 surface silicon/aluminium atoms correspond to one Co2+

ion. Thus, 60–80% of the surface atoms belong to uniform domains of near-
est and next-nearest neighbours. Note that these numbers were obtained
for the minimum possible size of regular domain and thus, are the lowest
limits of atoms located in the regular domains on the channel surface. It
can be concluded that uniform domains form a dominant part of the sur-
face of (Al) MCM-41 channel walls.
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Parameters Controlling Al Distribution in (Al)MCM-41 During Synthesis

The Al distribution on/in the channel walls, formation of single Al atoms
and Al-O-(SiO)1,2-Al sequences and distribution of Al-O-(SiO)1,2-Al se-
quences at different cationic sites are not controlled by statistic rules. In a
similar way to ZSM-5 19, it is possible to infer that the synthetic procedure
plays the key role controlling the distribution of aluminium in individual
zeolites or mesoporous molecular sieves.

The significant preference to the incorporation of Al atoms into the sur-
face layer of the (Al)MCM-41 channel wall should be explained by electro-
static interaction. Anions containing Al atoms exhibit a higher charge
compared to those containing only Si atoms. Thus, it can be assumed that
they are preferentially driven to be located in the first layer interacting with
cationic surfactant at the early stages of the synthesis. With increasing con-
centration of anions containing Al atoms in the first layer surrounding the
surfactant, saturation of the surfactant charge by Al-containing species to-
gether with repulsion between them takes place. This results in a decrease
in the probability of the location of Al-containing anions on the surface of
surfactant micelles. (Si/Al)SURF ca 10 seems to be the limit concentration of
Al atoms in the first layer surrounding the surfactant during synthesis.
However, a different surface Al density (Si/Al)SURF achieved for (Al)MCM-41/A
and B synthesised under different synthesis conditions indicates that syn-
thesis temperature is only one of the parameters controlling the distribu-
tion of aluminium in (Al)MCM-41.

The preferential formation of Al-O-(SiO)1,2-Al sequences in the whole Al
concentration range, especially at low Al framework concentration indi-
cates that the formation of Al-O-(SiO)1,2-Al sequences proceeds at early
stages of the synthesis followed by formation of large complex anions con-
taining two Al atoms. Further confirmation of this hypothesis is required.

CONCLUSIONS

The distribution of Al atoms between the surface layer and inner layers of
the channel walls of (Al)MCM-41 and the distribution of Al atoms between
single Al atoms and Al-O-(SiO)1,2-Al sequences depends on the framework
Al content and conditions of the synthesis.

At low framework Al contents, Al atoms are located almost exclusively in
the channel surface independently of the conditions of synthesis. With in-
creasing framework aluminium content, Al atoms are incorporated also in-
side the channel walls. For (Al)MCM-41 with high Al contents (Si/Al ≤ 13),
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only 55% (synthesis A) and 45% (synthesis B) of Al atoms are placed on the
molecular sieve inner surface and form cationic sites.

The Al-O-(SiO)1,2-Al sequences dominate at low framework Al contents
and are the prevailing form of framework aluminium atoms also on the
channel surface of all (Al)MCM-41 with high framework Al contents. The
formation of single Al atoms ((SiO)3-Al-O-(SiO)1,2) occurs only at high
framework Al contents.

Two types of rings containing Al-O-(SiO)1,2-Al sequences are proposed on
the (Al)MCM-41 surface. The number of elongated six-membered rings
composed of two five-membered rings containing two Al atoms does not
change with the Al content in molecular sieve while the number of planar
six-membered rings significantly increases with increasing content of
framework aluminium in (Al)MCM-41. The arrangement of Al-O-(SiO)1,2-Al
sequences in these two local framework arrangements is uniform.

A majority (ca 80%) of the surface of the (Al)MCM-41 channels consists
of two types of domains containing in their centres deformed bent or
planar six-membered rings. These domains containing ca 24 surface silicon/
aluminium atoms are uniform. The domains containing planar six-membered
rings make a majority of ordered (Al)MCM-41 channel surface.
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